Ruthenium-106 is of potential radioecological importance but soil-to-plant Transfer Factors for it are available only for few plant species. A Residual Maximum Likelihood (REML) procedure was used to construct a database of relative 103/106 Ru concentrations in 114 species of flowering plants including 106 species from experiments and 12 species from the literature (with 4 species in both). An Analysis of Variance (ANOVA), coded using a recent phylogeny for flowering plants, was used to identify a significant phylogenetic effect on relative mean 103/106 Ru concentrations in flowering plants. There were differences of 2465-fold in the concentration to which plant species took up 103/106 Ru. Thirty-nine percent of the variance in inter-species differences could be ascribed to the taxonomic level of Order or above. Plants in the Orders Geraniales and Asterales had notably high uptake of 103/106 Ru compared to other plant groups. Plants on the Commelinoid monocot clades, and especially the Poaceae, had notably low uptake of 103/106 Ru. These data demonstrate that plant species are not independent units for 103/106 Ru concentrations but are linked through phylogeny. It is concluded that models of soil-to-plant transfer of 103/106 Ru should assume that; neither soil variables alone affect transfer nor plant species are independent units, and taking account of plant phylogeny might aid predictions of soil-to-plant transfer of 103/106 Ru, especially for species for which Transfer Factors are not available.
Introduction
Ruthenium-106 is a fission product of radioecological importance but there have been relatively few comparisons of species differences in its uptake by plants from soil. Differences between plant species can affect soil-to-plant transfer of other radioecologically important isotopes such as 137 Cs and 90 Sr (Nisbet and Woodman, 2000) and might affect soil-to-plant transfer of 106 Ru. Here we report a database of relative 103/106 Ru uptake by 114 plant species, by collation of data we generated for 105 species with data in 5 previous studies, and analyse it using techniques established to provide a phylogenetic perspective on inter-species differences in element concentrations.
Ruthenium-103 and 106 Ru are g-emitters produced in significant quantities by nuclear fission. 103 Ru has a relatively short half-life (39 d) but 106 Ru has a longer half-life (368 d) and is considered a potentially significant long-term radioecological hazard in the ecosystems it contaminates. 106 Ru was a significant component of nuclear-weapons testing fall-out (Walton, 1963; Ritchie et al., 1970) and it was one of the common radionuclides deposited in the Chernobyl 30 km zone (Lux et al., 1995; Krouglov et al., 1998) contributing significantly to external doses to humans (Andersson and Roed, 1994) . Despite being deposited primarily in fuel particles which settled close to the Chernobyl reactor (Krouglov et al., 1998) , 106 Ru was detected in significant quantities in Chernobyl fall-out in, for example, Sweden (Kresten and Chyssler, 1989) , Italy (Adamo et al., 2004) and Turkey (Polar and Bayülgen, 1991) . 106 Ru is also a contributor to effluents from Cap de la Hague (Salbu et al., 2003) and has been a focus of attention in modelling potential accidents with Pressurised Water Reactors (Renaud et al., 1999) . Given the potential radioecological importance of 106 Ru it is important to understand its ecosystem transfer processes, such as that from soil-to-plant.
Many studies, including some of the first radioecological studies performed, have shown that, in general, 106 Ru is less available to plants from soil than 90 Sr but more available than 137 Cs (Nishita et al., 1956 (Nishita et al., , 1961 Bunzl et al., 1984) . This is reflected in soil K d values and soil-to-plant Transfer Factors (TFs) with a mean of 100 and 0.1, respectively (Sheppard, 1985) . However, K d values for 106 Ru in organic soils can be very large (Sheppard and Thibault, 1990 ) and binding to mobile organic fractions can increase its mobility (Polar and Bayülgen, 1991) . Uptake of 106 Ru by plants is generally greater from soils of high pH and with high base status, for example from the black soils of the Indian Subcontinent (D'Souza and Mistry, 1980) . Overall, therefore, 106 Ru is considered quite available to plants in many soils. Interestingly, however, much knowledge of 106 Ru transfer to plants has been gained using Cl or nitrosyl forms as experimental contaminants but the deposition in the Chernobyl 30 km zone has proved relatively immobile and unavailable due to its deposition in fuel particles, probably as metallic impurities (Krouglov et al., 1998) .
Species differences in 106 Ru uptake by plants have been reported (Nishita et al., 1961; Handl, 1988 ) but compared to other radioecologically significant isotopes there is a paucity of comparisons of concentrations to which plants take up 106 Ru and all such have been confined to inter-species comparisons. Recently, molecular descriptions of the evolutionary relationships (phylogeny) of many groups of organisms have been useful to analyse differences in phenotypes between taxa at many levels of the taxonomic hierarchy. New phylogenies of flowering plants have been published specifically to aid such comparisons (e.g. Soltis et al., 1999) . Treating relative elemental concentration as a phenotype and mapping it to the flowering plant phylogeny have revealed significant phylogenetic effects on the relative concentration in plants of 137 Cs (Broadley et al., 1999; Willey et al., 2005) , Cu, Zn, Ni, Cd and Pb, (Broadley et al., 2001 ), Ca (Broadley et al., 2003) and Mg, K, N, and P (Broadley et al., 2004) . These studies reveal that, with the exception of N and P, at least some of the inter-species differences in relative concentration can be ascribed to taxonomic levels higher than the species. This shows that, for concentrations of these elements, species have a tendency to behave as groups rather than each species behaving independently. Such phylogenetic effects not only have to be accounted for when predicting soil-to-plant transfer but might also be used as a framework for making general predictions of relative concentrations in plants. Given Ru in above-ground green shoots in plants in two or more species after identical exposure in the same contaminated soil. Studies in which foliar contamination had occurred, or in which 103/106 Ru activities were very low, were excluded and different experimental treatments were used as separate 'studies'. Both 103 Ru and 106 Ru data were included because there is no evidence to suggest discrimination between them during uptake by plants from soil. This provided 9 'studies' ('studies' 1e9 Table 1 ) from 5 sources (Bell et al., 1988; Coughtrey and Jones, 1985; Douka and Xenoulis, 1991; Handley and Babcock, 1972; Wirth et al., 1996) and included data on 12 species. One hundred and six species were chosen for experiments to complement those in the literature and provide a spread across the angiosperm phylogeny. Four species in literature data sets (Lolium perenne, Lycopersicon esculentum, Fragaria vesca, Brassica oleracea) were included in experiments. Species selection was biased in favour of herbaceous plants and crops, tree and aquatic species being more problematic to grow and expose to 103/106 Ru. Experiments with a number of radiolabelling regimes based on those previously used (Bell et al., 1988; Coughtrey and Jones, 1985; Douka and Xenoulis, 1991; Handley and Babcock, 1972; Wirth et al., 1996) showed that the procedure below, which includes CaCl 2 and Na 2 EDTA to enhance Ru availability, produced high enough 103 Ru concentrations to be reliably measured in plant material. Five replicate pots of each species were grown in approximately 90 g of peat-based Levington's F2 compost (Fison's, Ipswich, UK) for approximately 7 weeks. Plants were grown in a randomised block in a greenhouse with 16 h day and 8 h nights at c. 24
C and 16 C, respectively. Plants were labelled with 103 Ru in the exponential phase of their growth and before they flowered, hence some taxa were slightly younger or older than 7 weeks. During radiolabelling plants were placed in randomised blocks with 350 m Em ÿ1 s ÿ1 light for 16 h day and 8 h night. For radiolabelling 50 mL of 200 mM CaCl 2 and Na 2 EDTA were added with 3700 kBq 103 RuCl 2 L ÿ1 to give 41 kBq g ÿ1 substrate. The 50 mL of radiolabelled solution saturated the substrate and the excess solution was caught in saucers below the pots and in all cases was reabsorbed into the substrate during radiolabelling, so a homogenous distribution of 103 Ru in the substrate was assumed. Plant shoots were harvested 96 h after 103 Ru application, 1 cm above the substrate. Radiolabelling took place in 7 events in 14 blocks, each of which was treated as a separate study ('studies' 10e23 in Table 1) . 103 Ru activity concentrations were measured in dried plant samples by g-counting in an LKB Wallac 'Compugamma 1282' (NaI(Tl) detector) with appropriate blanks and background corrections. 
Statistical analyses
Data were obtained, from the literature and experiments, for 114 species across 23 'studies'. Due to species selection, and replication between blocks, every data set had at least one species in common with another data set. Some species were represented multiple times in the data sets whilst others were present only once. Residual Maximum Likelihood (REML) analysis was used to produce a database of relative mean 103/106 Ru concentrations in the 114 plant species. Studies were used as 'blocks' and species as 'treatments' in the REML analysis which was run on the statistical software package Genstat for Windows 5th Ed release 4.2 (VSN International, Oxford, UK) (Thompson and Welham, 2001 ) using the programme of Broadley et al. (1999 Broadley et al. ( , 2001 Broadley et al. ( , 2003 Broadley et al. ( , 2004 . Defining blocks and treatments in this way takes account of the absolute differences in concentrations related to experimental conditions (studies) to reveal relative mean concentrations for the treatments (species). REML analyses, which here included log e -transformation of raw values, can produce relative mean concentrations that are both positive and negative (Thompson and Welham, 2001 ). An ANOVA of REML-transformed values, coded using the ordinal phylogeny of Soltis et al. (1999) was then performed. The ordinal phylogeny of Soltis et al. (1999) was used because it was published specifically for such analyses and to enable direct comparison of Ru results with previous analyses for other elements that used this phylogeny. The categories 'Class', 'Subclass', 'Group' and 'Superorder' (Table 1) were used nominally above the level of the Order because the relationship between the Linnaean hierarchy they are derived from and higher taxonomic groups on recent phylogenies is unresolved. Normality tests used a KolmogoroveSmirnov test in SigmaStat 3.0 for Windows.
Results and discussion
The relative mean 103/106 Ru concentrations in 114 plant species, together with absolute values from each experimental study, are shown in Table 1 . The REML procedure accounts for variance in absolute concentrations associated with different experimental conditions ('studies') in the input data in order to estimate relative mean concentrations for plant species across all studies. There were significant effects of block in the analysis confirming that values for all these species could not be compared without taking it into account. The values in Table 1 cannot, therefore, be regarded as concentration ratios or TFs for plant species under a given set of conditions but rather they are predicted relative mean concentrations across a variety of conditions, i.e. which species tend to have, relative to each other, higher or lower concentrations. There are, however, a number of factors that might interact under a particular set of conditions to produce relative concentrations somewhat different to those in Table 1 . First, the length of exposure to 103/106 Ru in almost all the data sets collated was acute. The relationship between concentrations produced in plants after acute and chronic exposure to 103/106 Ru from the soil is little known. For other radionuclides, such as 90 Sr and 137 Cs, there is evidence that much uptake takes place during the exponential phase of growth (Weaver et al., 1981) , as is the case with many mineral nutrients (Marschner, 1995) . As majority of the species in Table 1 were exposed during their exponential growth phase, it seems likely that the relative mean concentrations in Table 1 will relate to chronic exposures, but it is possible that this relationship is not close. Further, for 106 Ru, as for other radioisotopes, the chemical species present in soil can affect its behaviour (Krouglov et al., 1998) . It is possible that different compounds of 103/106 Ru might not produce the same relative concentrations as those in Table 1 . In fact, it is possible that a number of such edaphic factors might interact with relative 103/106 Ru concentrations because all species cannot grow equally well under different conditions. There is variety in 103/106 Ru compound and experimental conditions used to generate data for Table 1 , which therefore provides relative mean concentrations across them, but the full range of exposure conditions might not produce results identical to those in Table 1 (Fig. 1 ) and there were no significant outliers that could be removed to produce normality. Overall, these results suggest Table 2 Results of ANOVA for relative mean Ru concentrations in 114 angiosperm species classified according to Soltis et al. (1999) that there is a significant range of relative mean 103/106 Ru concentrations between plant species and that this range, and its frequency distribution, might usefully be considered in soil-to-plant transfer involving multiple plant species.
There were statistically significant effects of phylogeny on 103/106 Ru concentrations in plants at the level of the 'Class', 'Group', Order and Genus (Table 2) . Overall, 39% of the Sums of Squares was associated with the level of Order and above, and Genus was associated with the greatest % Sum of Squares. Between the plants categorized here by 'Class', the Magnoliids (n Z 33 species) had significantly lower relative mean Ru concentrations than the Eudicots (n Z 81) (Tables 1 and 2; Fig. 2A ). Significant differences at the 'Group' level were marked by relative mean Ru concentrations that were significantly lower in Commelinoid monocots than most other groups (Tables 1 and 2; Fig. 2B) . At the Ordinal level the Cucurbitales and Magnoliales had the highest relative mean concentrations but were both only represented by two species (Table 1; Fig. 2C ). Of the orders with greater numbers of representatives, the Geraniales (n Z 3) and Asterales (n Z 4) had the highest, and the Poales (n Z 9) the lowest relative mean Ru concentrations. The Apiales, Caryophyllales, Lamiales and Fabales had, despite some high or low values for individual species, relative mean Ru concentrations close to the overall mean (2.19). Relative mean concentrations for these higher taxa do not necessarily ensure that all species within them have low or high values but rather there are significant tendencies to low or high values. In comparison to other studies of ion concentrations in plants down to the Ordinal level, the phylogenetic signal for Ru of 39% is greater than that for P (6.8%) and N (3.3%) (Broadley et al., 2004) , Cs (15%) (Willey et al., 2005) , Pb (20%), Cr (23%), Cu (24%), and Cd (27%) (Broadley et al., 2001) , and Na (23%) (Broadley et al., 2004) , but less than that for Zn (44%), Ni (46%) (Broadley et al., 2001) , K (49%) (Broadley et al., 2004) and Ca (63%) (Broadley et al., 2003) .
The Commelinoid monocots have been noted to have unusually low Ca uptake (Broadley et al., 2003) and the monocots are known to have low uptake of Cs (Broadley and Willey, 1999; Willey et al., 2005) , so it seems likely that the relatively low uptake of Ru reported here is part of a pattern of unusual uptake of at least some elements by plants on this clade. Certainly, given the importance of the cereals crops on this clade it is a hypothesis worth further investigation. The few relative mean Ru concentrations for the Cucurbitales and Brassicales in Table 1 suggest that these orders might have relatively high and low uptake of Ru, respectively. There are indications that for other elements these Orders also have characteristic uptake (Broadley et al., 2003 (Broadley et al., , 2004 and we suggest that it might be worthwhile investigating further their uptake of Ru. The Caryophyllales have high relative uptake of Cs (Broadley and Willey, 1999; Willey et al., 2005) but the data reported here suggest that they are not unusual in their Ru uptake.
Conclusion
There are significant differences between plant species in the concentration to which they take up acute doses of 103/106 Ru. Clearly, there are soil factors that affect soil availability of 103/106 Ru but the data in Table 1 strongly suggest that, from a given availability, plant uptake will differ significantly between species and needs to be taken into account in understanding soil-to-plant transfer. Fig. 1 suggests that inter-species differences are not normally distributed and that parametric methods might have to be used with care for modelling differences across numerous species. A priori there is no reason why 103/106 Ru concentrations should differ just between species (which is primarily a reproductive unit that can be difficult to define in plants) and the data presented here strongly suggest that radioecologists should consider taxonomic units other than the species when modelling soil-to-plant transfer of 103/106 Ru. Overall, for 103/106 Ru uptake species do not behave independently but are affected by phylogenetic position. This has enabled us to suggest testable hypotheses about which taxonomic units of plants have relatively high and low uptake of Ru and to make general predictions of uptake for taxa in which few TF values exist.
